DESIGN AND SIMULATION OF FUNCTIONAL CELLS 

FOR MOS LSI SYSTEMS 


A Thesis Submitted 

In Partial Fulfilment of the Requirements 
for the Degree of 

MASTER OF TECHNOLOGY 


By 

E. R. SHEIKH 



to the 

DEPARTMENT OF ELECTRICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY, KANPUE 

MAY. 1985 







O 

•i 






It is to certify that this work entitled "DESIGN AND 
SIMULATION OP FUNCTIONAL CELLS FOR MOS LSI SYSTEMS" by 
E.R. Sheikh has been carried out under my supervision and 
this ^,rark has not been submitted elsewhere for the av/ard 
of a degree. 


April, 1985 



Professor 

Department of Electrical Engineering 
Indian Institute of Technology 
Kanpur-208016. 




3Jo, 

ify Parents 


ACKK0;a.EDGE;.2UT3 

I would like to express my sincere thanks to my thesis 
supervisor Dr, U,hi. Hasan for his wise counsel and encouragemeni 
I have been benefitted iriimensely from the discussions, I had 
with him from the time the project was conceived, through its 
execution upto the time of thesis completion, 

I extend my sincere and heartfelt thanks to all my friends 
in particular S.P. Yeotikar, fi.P. Gupta, V.i.i. Shrivastava, 

J.K, Marwaha, N. Dutta, U .K. l.iukhopadhyaya and R.P, Joshi for 
providing me with splendid corapany and moral support during the 
course of this work, 

i»iy thanks are also due to kir, C.ivi. Abraham for the effi- 
cient typing and painstaking efforts in bringing this thesis 
into its present form. 


E.R. Sheikh 


ABSTRACT 


Since the development of small-scale integrated circuits 

the density of components on an IC chip is continuously increasing. 

As the level of integration increases the design complexity also 

increases rapidly. A large amount of effort will be required to 

put into design such large scale integrated systems. A systematic 

approach is to break the task of complete design into manageable 

subtasks of cell design. We have restricted ourself to design and , 

Of 

analysis and such subcircuits or cells. 

After functional specification of the cell, next step is to 
design the logic to achieve the functional relationship between 
input and output. Various representative exarrples, in combinatorial 
sequential, static/dynamic, ratioed /ratioless logics have been i 
presented using random and structured approaches of logic design. 
Layout for some of the functional cells have been prepared and the 
circuits have been simulated using SPICE including the effects or ; 
parasitics. Values of paras itics have been evaluated from the cell I 
layout. Device models for circuit simulation have also been i 

included and an interactive program is developed for the extraction I 
of MOSPET model parameters for GAD applications, I 
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CHAPTER 1 


INTRODUCTION 

The silicon integrated circuit technology is evolving 
continuously towards smaller devices and denser, and more 
complex functions on each single silicon chip. Successful 
design and fabrication of circuits, containing 500 thousand 
transistors on a single chip has already been reported. It 
is expected that by the end of this decade it will be possible 
to have one million transistors on a single chip [l]* As the 
level of integration increases the design complexity also 
increases rapidly, A large amount of effort will be required 
to put into design such large scale integrated systems. A 
systematic approach is to break the task of complete design 
into manageable subtasks of cell design [2], Each subtask 
can then be performed separately with no need to consider 
more than one subtask at a time. 

Scope of this thesis is limited to complete design and 
analysis of such subcircuits or cells, which is to be used 
in LSI/VLSI systems. A number of design methods are availa- 
ble for design of logic circuits, namely, random logic, gate 
array, transistor switch array, programmable logic array etc. 
All these methods have been discussed in detail in the follow- 
ing chapters using illustrative examples. Computer simulation 
for analysis and verification of design, is necessary at each 
phase of design. Extensive use of simulation program SPICE is 
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made during all designs included in the thesis. Also a 
computer program is developed to perform transient analysis of 
fviOS circuit. In the subsequent paragraphs we will present 
brief discussion on the contents of each chapters. 

Chapter 2, starts with description of basic structure of 
MOS device and its characteristic. Then higher order 

effects have been discussed and some semi-empirical relations 
have been presented to take these effects into account. To 
build the concepts of MOS logic circuits, a E/D inverter is 
analysed in detail. Choice of V;/L ratio and effect of capacitive 
load on rise-time and fall-time (i.e, total signal delay) has 
been considered. The concepts of inverter circuit is then 
extended to analysis of NOR and tJAND gates. During rest part 
of this chapter, DC and Transient analysis of the MCS circuits 
have been discussed. For analysis of larger circuits computer 
aids are inevitable. A transient simulation algorithm and 
a program based on this algorithm have been described. Chapter 
concludes with a discussion on the results of transient analysis 
of three circuits of inverter, NOR and MAIO gates, obtained by 
using our program SBilC. 

Chapter 3 - In this chapter MOS IC design methodology has 
been described in detail, Exclusive~OR circuit is designed in 
Random logic, it’s stick diagram and detailed layout also has 
been prepared. As an example of design of PLA, one bit full 
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adder has been implemented and complete layout is prepared. 
Performance of the circuit is verified by transient analysis 
on SPICE. To consider the dynamic logic, we have designed a 
dynamic two-phase ratioless shift register. Layout of this 
circuit is also prepared and performance is, analysed using 
SPICE. Principles of design of sequential logic is discussed 
using an illustrative example of 4-bit variable modulo counter 
(Reset to control-data input). Design of this variable modulo 
counter is based on PLA. Design of PLA feedback ensures spike- 
free, synchronous operation during counting. Chapter is 
concluded with circuit design. In this, design of full adders 
shift register, counters and memories have been discussed. 

Chapter 4 - SPICE is a commonly used circuit simulation 
program. V/e have also used it extensively in our work, and 
we have included discussion on that part of SPICE which is 
relevant to MOS circuits. MOSFET models used in the SPICE 
have also been discussed. One can easily understand that to 
use the SPICE effectively one should know the process and 
geometrical parameters of device. Also accurate estimation 
of parasitic capacitances and resistances is very important 
for correct transient simulation. A computer program is 
developed which works interactively to extract the parameters 
of MOSFET model for use in SPICE simulation. 

Chapter 5 - In this chapter discussions and conclusions 
of the thesis have been presented. 
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CHAPTER 2 
MOS CIRCUITS 

In this chapter we will review the basic concepts or MOS 
transistor operation both qualitatively and quantitatively. 
During this we will consider relationship of first order 

only. Vie will then design and analyse the basic building blocks 
of MOS logic circuits. V/e will consider MOS inverter (E/D and 
CMOS) NOR and NAND gates. Effect of load capacitance on signal 
delay is also considered. Circuit simulation at device level 
is necessary to predict the electrical behaviour of the circuit 
before actually fabricating it. Computer simulation programs 
essentially uses models (a set of mathematical equations des- 
cribing the terminal behaviour) for representing the behaviour 
of the device over its full operating range, A MOSFET model 
for computer-aided analysis which takes some prominent effects 
into account has been derived. And a computer program is deve- 
loped using this model for transient analysis. Results of 
transient analysis of inverter, NOR and NAIO gates have been 
discussed at the end, 

2,1 MOSFET CHARACTERISTICS 

MOS transistors are unipolar devices. A common structure 
of MOS transistor is shown in Fig. 2,1. Bulk semiconductor for 
N channel MOS( referred as NMOS) is P-type and that for P channel 
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MOS (referred as PMOS) is N type. In an M\AOS devices as shown 
in Fig, 2.2 , two heavily doped regions are referred as 
drain and source. Heavily doped polysilicon layer is deposited 
over the thin gate oxide layer. The basic device parameters 
are the channel length L ; the channel width W ; the oxide 


thickness t. 


the Junction depth and the substrate (bulk) 


doping NMOS device is preferred over PMOS device because 

the current carriers in NI/iOS (i.e, electrons) exhibit higher 


mobility than that of the PMOS, it offers higher gain and 
speed. 


2,1.1 MOS Transi stor Op e ration [4] 


In an N-channel MOSFET, when no voltage is applied to 
the gate, the source-to-drain regions corresponds to two P-H*’ 
junctions connected to back to back. In this situation only 
reverse saturation current can flow through drain to source 
(v^Aiich is very small of the order of 10“ Amp). When a 
positive gate potential is applied (with respect to the sub- 
strate , source and substrate grounded together), it will induce 
electrostatically a negative charge on the substrate and will 
repell holes thus depleting the channel region for majority 
carriers. If an increasingly large voltage is applied at the 

gate then more and more electrons will be attracted towards 

* 

the surface. Eventually the electron density locally near the 
surface exceeds the hole density and a conducting channel of 
electrons from drain to source is formed, throi^h which a large 
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current can flow. This condition is called inversion of the 
semiconductor below the thin oxide. The gate voltage which 
is necessary to cause inversion and to form a channel is 
called threshold voltage of the device. The conductance of 
the channel can be modulated by varying the gate voltage* 

Higher order effects on the conductance of the channel will 
be discussed later. 

MOS transistors are referred to as enhancement or 
depletion type depending whether or not a conducting channel 
exist between drain and source at zero gate bias. If a 
channel exists at = O then it is a depletion type transistor 
otherwise enhancement type, 

2.1.2 Dr ain, Cur ren t Eq uations [4,6] 

Application of gate voltage in excess of threshold voltage 

forms a conducting channel from drain to source. Current 

* 

through the channel (drain current) is proportional to drain- 
source bias, Vq 2 » when is small. As the drain voltage 
increases, it eventually reaches a point at which the channel 
depth at drain end is reduced to zero ; this is called 
pinch-off point and corresponding drain-source voltage is 

f 

called Beyond this point drain current remains 

essentially the same because potential at the drain end of 
the channel remains the same, 
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li/e shall now derive the basic MOSFET characteristics under 
the following idealized conditions : (l) There are no interface 
states present near the surface ; (2) Only drift current 
dominates ; (3) carrier mobility is constant ; (4) substrate 
doping is uniform ; (5) reverse saturation current is very 
small ; (6) tranverse field is much lai^er than the longitu- 
dinal field (in y direction) j (7) surface depletion charge is 
constant after inversion has occurred. 

Total charge induced in the semiconductor per unit area 
Qs at a distance y from the source is given by 

Qs<y) = -[Vgs 

where = gate oxide capacitance per unit area. 

The charge in the inversion layer is given by 

= -c^Gs - ys(y)/ ^ox - ^B^y) 

The surface potential ’i'Liy) at inversion can be approximated by 

2^6 + v(y)- The charge in the surface depletion region is 
given by 

% =■ q V2yg) 

substituting this expression into the expression of Q^(y), 
yields 

Qn(y> = -CVGS-VtyJ-Z Vb/ Cox + ^ q N^{2 


( 2 . 1 ) 
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The conductivity of the channel can be approximated by 
o(X) = q n(X) Pj^(X) 

where q = electronic charge, = electron mobility ; 
n(X) = electron concentration in inversion layer. 


The channel conductance is then given by 

W ""i 

g f 

^ 0 

for constant mobility case 


^ ~ L ^n ^^ni 

Channel resistance of an elemental section of length dy is 
given by 

dR = 

The voltage drop across this section is 

dV = = - -- — (2.2) 

“ WR„lQ„(y)i 

Substituting eqn. (2,1) into eqn. (2.2) and integrating from 
source (y = 0, V = 0) to drain (y = L, V = 


•■DS 





’ "‘‘n't ('Cs-V( y )-2 '=ox- 

"I eje 

C W il 

2 


0 s 
-'C‘ 


ox 


'DS 

'2 "DS- 


) Vy-j C ] 



10 


C— w Vi, 
L 


Ids = -- T ^ [(Vp,<;-Vt) Vns - -§§] 


v2 

'GS~''T' ^'DS “ 

V r\ f 


- ^C(^GS“^T^^DS ” “’5“^ 


where = 2 + 




ox 


W 


0 = P- 7 - also called gain of the transistor 

•^n ox L ^ 

At the onset of pinch-off (saturation) inversion layer charge 
at drain end is zero. 


i.e*, at y(L) = V, 


DSSAT 


, Q^(L) = 0 


<3n(L) = 0 = 

Therefore, 

after pinch-off drain current essentially remains constant 
and it is given by 

v,T f\r \r 

.2 


=cx '^n (^gs-Vt)- 


'•DSSAT 


'T 


(Vg - V^)- 


main effect of metal-semiconductor work function difference 
^MS fixed oxide charge is to shift the threshold voltage, 
Vj t and it is given by 

Qjr Qn 

^ ^ox ® ‘^ox ' 


where is the total fixed charges at the interface, 
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2.1.3 ^ff ect of Temp er ature [5 ] 

P and have strong temperature dependence, p shows a 
3/2 power relation because of mobility term in the expression 


o 

where is room-temperature and T is temperature in question. 
Temperature appears explicitly in the value of junction poten- 
tial, 0 and its temperature dependence is determined by 


0(T) = In 


n^CT)^ 


where n^ is intrinsic concentration and is given by 
n^(T) = 1.5E33 x T^ x ExpC-Eg^KT) 

Temperature dependence of bandgap energy E is given by 

y 




1.17 


4.73x 10"'^ T^ 
(T+636) 


is approximately independent of temperature. Junction 
leakage current doubles in magnitude for each decade rise in 
temperature above room temperature. Higher order effects on 
the device performance and hence on circuit performance is 
discussed in the next section. 
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2,2 MOSFET MODEL INCLUDING HIGHER ORDER EFFECTS 

In this section we will develop a set of simple equations 
to describe electrical characteristic of MAOS device. Later 
these equations will be used in the computer program. 

The behaviour of an M/iOS device can be described 

satisfactorily by following set of simple equations for first 
order calculation purpose. 

For M/iOS non-saturation (linear) region of operation is 
defined when ~ and drain current in this region 

is given by 

^DS ” ^^^^GS*'^T^^DS “ (2.3) 

and saturation region of operation is defined as 
Yds ^(Vq 5 “ Vj) and drain current is given by 

^DS ~ "I ^^GS ” ^T^ (2.4) 

Equations (2.3) and (2.4) define the characteristic of the 
Nl'/iOS device. 

A higher level model of MOSFET will include drain effect, 
mobility variation due to cross field and saturation of carrier 
velocity, channel length modulation and body bias effect on the 
device performance. To characterize accurately a scaled-MOSFET, 
inclusion of such effects is necessary. It is possible to 
obtain a set of equations in terms of process and physical 
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parameters of the device, which can accurately model all 
such higher erder effects. Such a model will become very 
complex and may not be suitable for the use in circuit 
simulation where large number of devices will be used. 
Therefore, our objective is to construct a mathematical 
model with modified equations, which can be conveniently 
used to obtain sufficiently accurate results, "/e shall 
now briefly discuss the various higher order effects and 
the necessary modifications in the basic equations, to 
take these effects into account. 

2.2.1 Drain Effect [5,6,8,93 

Drain potential affects the drain current in two ways, 

(I) Vj reduces with increasing drain-substrate reverse bias; 
as the drain voltage increases the drain-substrate junction 
depletion region extends in the region below the gate. This 
effectively reduces the amount of charge to be contributed 
by the gate to form a conductive channel from source to 
drain. As a result, lesser amount of voltage at the gate node 
is required to invert the semiconductor type below the gate, 

(II) p of the device increases with increasing drain voltage; 
as the drain depletion region extends in the channel, the 
effective length of channel also reduces by the same amount. 
This effect is more dominating in saturation region and give 
rise to finite conductance in this region. 
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This effect can be modelled by multiplying the drain 
current equation by an empirical relation as follows t 

^DS ~ 

where ^ = a constant 0.02 to 0.08 . 

2.2.2 Body Bias Effect [9] i 

Threshold voltage increases with increasing reverse 
bias between source and substrate. The body bias reduces the 
depletion region charge by an amount and hence threshold 

voltage goes up by VV^ = - Including the junction 

potential, the expression of threshold voltage is given by 

V* = + YC(2V^g - 

1/2 

where y = ^ q 

Normally y lies within 0,3 to 0.7 . 

This expression needs modification for channel lengths 
less than 7.5 microns, 

2.2.3 Mobility Va riation [7] : 

Due to presence of cross electric field and interface states 
and surface defects, surface mobility reduces. Mobility term 
appear in the expression of gain. Crawford [7] suggested the 
following empirical relation to take this effect into account, 
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A 

^ ~ 1 + ©(Vq - V") 


■& . 


where © = a factor generally lies within 0.015 to O.C© V”^, 

The complete set of modified equations is given below 


Non-saturation case : 


^DS “ ^ ^DS 3 


(2.5) 


saturation case ; 


2 Vqs - 


%S ~ * [l + 


(2.6) 


where 

= ^TO fs - - ( 2 ^ b )^/^] 

2.3 BASIC MOS LOGIC CIRCUITS 

The first logic circuit we will describe is the inverter. 
It performs the logic operation of negation. The concepts 
developed in the analysis of inverter circuit will be extended 
further to NOR and NAND gates, 

2,3,1 Invi^r'^,r [2,9,10] 

A simple inverter scheme is to use resistive pull-up and 
enhancement device p'ull-down as shown in Figure 2,3, When 
input is logical 1 (approximately equal to and it is 

larger than threshold voltage q the enhancement pull-down 


(a) RESISTIVE PULL-U? 


cu': 




it) ENHAUCEMBIST PULL-UP 


VDD 




(c) DEPLETION PULL-UP 


PIG. 2.5 


INVESTEES 
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device then the pull dov/n transistor will switch on and output. 
Voltage will start decreasing. To pull-down the output voltage 
below the threshold voltage of the device, it is required to 
have a sufficiently high load resistance. Thus to produce a 
compatible voltage level of logic 0, a high load resistance 
is needed. Similarly when input is logical zero (voltage 
level smaller than V^) then output voltage will tend to rise 
upto Vqq* For a fast rising to it requires that load 

resistance should be as small as possible. Therefore, we see 
that load resistance should have a nonlinear nature to offer 
minimiM resistance to the high going output and offer maximim 
resistance to the low going output. A load resistance having 
these properties can be obtained by depletion type transistor. 
With depletion type transistor as a load, ^^^^(1) will go upto 
Vj^p and (0) will go well below V^. The transient perfor- 

mance is also improved. 

Another alternative of load transistor is to use an 
enhancement device connected to operate in saturation region. 
But it is observed that inverters using saturated enhancement 
load transistor are poor in transient performance. Other 
serious drawback of such circuit is that output voltage corres- 
ponding to logic 1 can never go to Vpp, it will always be less 
than (Vpp-Vj) i.e., logic-swing has reduced. This reduces the 
drive or subsequent inverter. The enhancement load device can 
also be used in the linear region but it requires two power 
sipplies. 
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2.3.2 ChpXce_of_W.L Ratio 

For static characteristic calculation, currents throj^h 
the load can be directly equated to current being sinked by 
driver transistor. Inter-stage d.c. current flow is zero 
because of high input impedance. 


Let us assume that = 5V 


IN 


= V, 


DD 


V. 


TE 


= 0.2 V, 


DD 


V. 


TD 


-0,8 V, 


DD' 


Threshold voltage oS enh, device 
Threshold voltage of dep, device 


Vi/hen input to the inverter is at logic '1*, output produces a 

logic *0*. In order to produce a compatible logic ’O’, it is 

necessary that voltage Vq{ 0) should be smaller than This 

0 

can be further ensured by allowing a (Noise-margin when 
output is high) of 0,5 Volts. 


Assuming load is in saturation and the driver is in non- 
saturation, 

Pt 


T - ^ \P- 

■^load “ T' '^TD 


v5(o) 

Idriver= Pd[(''in-Vte>Vo(°) ' - S ' ] 


(2.7) 

( 2 . 8 ) 


equating equations (2.7) and (2,8) and writing Bg = Bp/B^ 

.2 


B 


(Vjd) 


^ 2(Vijj-V^g)' Vn{0)-^(0) 


O' 
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substituting the various parameters we get 

Pjj = 4 i 1 

Absolute values W/L for load and driver device is determined 

by the specification of power dissipation and speed. This has 

been illustrated with a detailed example in the next chapter. 

Inverters being driven by pass transistor experience a reduced 

drive at the input which will affect the logic (O) voltage 

level at the output. Therefore, of such stage driven by 

pass transistor is generally increased to 8:1. Noise-margin 

is the measure of immunity of the circuit to the voltage 

spikes and device parameter variation. Logic threshold is that 

input voltage when output voltage is equal to input voltage 

but swing tendency is opposite to that of input. Usually 

Vt = 0.5 . 

’^Logic 

2,3.3 2.e 1 ay s [2,9] 

In a practical circuits minimum requirement of an inver- 
ter is that to drive another inverter, identical to itself. 
Therefore, it is necessary to analyse the performance of an 
inverter connected in the circuit and which is driving another 
identical inverter. Example of such circuit is an inverter 
chain (delay line) formed by cascading the identical inverters 
as shown in Figure 2,4. Each inverter is having 1 fan-in and 
1 fan-out, of the inverter is chosen to obtain proper logic 


levels 
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levels, V/e shall now discuss about the overall delay of such 
a circuit. 

Initially the circuit is in steady-state with O input at 
the first inverter. At t = O, input to first inverter changes 
to 1 (Vpp). Within approximately one transit time T » (time 
taken by the carriers to cross the channel, given by L /p 
the pull-down of the first inverter will discharge the output 
node by removing the charge equal to times the gate capaci- 
tance of the pull-down transistor of the second inverter. Now, 
pull-down transistor of second inverter is off and hence its 
pull-up transistor has to supply a similar charge equal to 
times gate capacitance to the gate of pull-down transistor of 
the next (third) inverter. Since it can supply only of 

the current that can be supplied by pull-down transistor, the 
delay in the second stage is approximately times that of the 
first, 

VJe define inverter pair delay as sum of times taken by 
one high going and one low going transitions. In case of fan- 
out, f, the inverter pair delay increases by a factor equal 
to f . 

To estimate the delay introduced by the single inverter 
driving a capacitive load, following assumptions are made. 
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1. There is no inherent delay of the device. 

2, During charging of the output node, current is supplied, 
only by load device and driver is completely off. 
Similarly during discharging of the output node, current 
contribution from load device is zero. 

^on ^off fall time and rise time respectively 
within the limits of 0.1 and 0,9 

Toff can be further divided into two parts t^^ and t 2 
during t^^ load device operates in saturation and during t 2 r 
it operates in nonsaturation. 

(a) time t^^ : Equating the current of saturated load 
device to current flowing into the capacitor load, 

. dv 

dt = ■ — 2""™' 

where = load capacitance, = threshold voltage of load 

device. 

integrating with proper limits results, 

2 Cl (Vll+Vlc) 

^ '^TD 

(b) time t 2 : Equating the capacitor current to the current 
supplied by load (operating in triode region). 


'=L if = Pl [(-VtdXVdd-'^) - 2 
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integrating from (Vj^q+V,^,^) to 0,9 we obtain 

C, 0.1 Vpr, 

+ = In r "'A— 1 

2 p >- -0.1 V^p,-2V, -I 


'DD TD 


Total rise time is T^^.^ = tj^+t 2 

''DD 


^off - Pl V-qC 


'TD 


0.1 V. 

' « + in( g 'I* Y " ■ r xv'“ 


If V^53 = -0.8 Vj3o 


4 C. 


1 VW -» •■ 


off ~ ^rise time “ p^ 


DD 


Similarly for 


T" T' — ^ 

^ on ~ '^fall time ~ Fd"^!) 


It can be shown that rise time to fall time ratio is equal to 
pj^, i.e., 

loff _ Ed _ 
fen ■ Pl " • 

2,3.4 Delay _Min imi z a t i o n [2] 

When a large capacitive load is driven by simple inverter, 
it causes a serious delay. Driving PLA inputs, control lines 
in memory cell, driving the off chip wires often present such 
situation. In such cases an optimum way to drive the load is 
to use cascaded elementary stages of inverter of increasing 
geometry until at some point that large capacitance can be 
directly driven by the stage using a large geometry inverters. 
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It can be shown that the total delay will be minimum if the 
ratio of size of a inverter stage to that of previous stage 
is e, the base of natural lagarithm. 

Cl 

Total minimum delay t_-„ ='7.e. In (?=?=) . 

' mrn 

2,3,5 S up e r Bu f fer [2,9] 

All ratio type inverters suffer from asymmetrical rise 
time and fail time in the output waveforms while driving 
capacitive load. This asymmetry is due to unequal current 
sourcing and sinking capability of load and driver respecti- 
vely. To avoid this asymmetry we generally use super buffers 
as drivers which offers approximately symmetrical capability 
of current sourcing and sinking into a capacitive load. Invert- 
ing and noninverting circuits are shown in Fig, 2,5, Both 
uses depletion pull-ups with a ratio of = 4:1, as in the 
standard inverters. In case of inverting buffer output of 
the first inverter drives the gater the pull-up of the 
second stage while the pull-down of the second stage is 
directly connected to the input. When input become zero the 
gate of pull-up rapidly reaches V^j.) since it is the only 
load for the first inverter, and the depletion type load of 
the second inverter will turn on with approximately twice the 
drive it would experience if it's gate were tied to its source. 
Since the current from a device in saturation goes approxima- 
tely square of the gate voltage, the current sourcing capability 
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of the supper buffer inverter is approximately four times 
that of a standard inverter. Hence, super buffers are 
invariably used to drive large capacitive loads, for example, 
I/O buffers of PLA, control and address lines in memory 
structures etc. Super buffer can also be used in cascaded 
inverter fashion as described earlier. 

2.3,6 The CMOS Inv erter [9,11,13] 

The use or P— channel MOSFET as a load for an N-channel 
MOSFET driver provides the basic CMOS inverter circuit 
schematic as a CMOS inverter is shown in Fig. 2.6a. The 
driver is transistor Q^, which is N-channel, and Q 2 act as 
load which is P~channel, The two MOSFETs are connected in 
series with the drains tied together and their gates having 
a common input, G, The drain point is the output of the 
inverter, CMOS circuits can be fabricated using P-well, 
N-well or twin-tub CMOS technologies. 

The basic inverter operation can be explained as 
follows. Figure 2,6b presents the transfer characteristic 
of CMOS invertor. It is assvmed that [V^j.J + jV^pj < 
which is a normal condition. Assuming V in is increasing 
from 'O’ to Vpi^, In region A-B, is off and Q 2 is operat- 
ing in nonlinear region near the origin of its output chara- 
cteristic, At C, Q 2 is at the verge of saturation where 
''0 - '^DD = ''in - ''dD - ''tp yisWlng V = V, - V„. Also Q, 
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driver Q, is at the verge of saturation where = v . - 

X u in iN 


is operating in saturation and it tends to be less saturated. 
During C-D both load and driver are operating in saturation 
and a d.c. current is drawn from the supply, At point D, 

= - V, 

Between D and E, is unsaturated and Q 2 is saturated. If 
input voltage increase further, causes Q 2 to turn off and 

the only conducting transistor pulls down the output near 
ground, ChOS gate offers many advantages, including high 
noise immunity, operation at a wide range or power supply 
voltages, low power dissipation relatively high speed, and 
compatibility to other gates. The only disadvantage is that 
it requires relatively larger chip area. Transient characteri- 
stic 'Of CMOS inverter is explained below, 

(1) V/hen = logic (0) 

i.e. Vin = V(0), V(0) < 

then driver is off, where is the threshold voltages of 

N-channel device. 

If |(V(0)-VpQ)| > Iv^pl 

where V^p is the threshold voltage of P-channel device, 
then load is on. 


Toff » charging time is given by 

2 . ^ 


"^off “ ^p ^ 


DD 


+ in - 1)3 


'Xpl 


where T 


'out 




1 
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(2) V.'hen = logic 1 

i.e.., = V(l), V(l) > 

then driver is on 


If |V(1) - VppI < Iv^pl 


then load is off 


'TP I 


discharge time is given by 


^on ~ "^n W 


2 . , 


V, 


DD _ 1 
TN 


+ ln(- 


■v(o)~ 


- 1)3 


where 


T — ^out 

^ Pd^DD“'^^TN' 


^DD 


Logic threshold of CMOS gate is close to symmetrical 

devices are used, i.e., Pq = The condition can be 

,V/n //VM - 


achieved if C(l)pm03'^^L^NM03^ 


n 




= 2.5. 


CMOS inverter delay is designed as time delay between 

input and output v>faveforms at points, 

^out j-_ 1 


= V, 


DD 


V. 
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■'VxTrr ^ 




XiL 

^DD 
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In these conditions and V^p have a small effect over 

the delay time and Tp is largely proportional to (*^out^^DD^ 


and 


It is clear that minimum value of Vp,.- is 

uu 


^DD^min ~ ^TN l^Tpl * "'^DD lower than that value, the 

gate demonstrates a hysteresis transfer curve. 


2.3.7 NOR Gate 


The circuit diagram of 2-input NOR gate is shown in 
Fig, 2,7a, Basically it is an inverter with additional 
enhancement mode transistors in parallel with the pull-down 
of the inverter. Additional inputs can be added in the same 
way. If either of the two inputs is 1, the pull-dovm transis- 
tor will switch on and output will be driven low. For both 
inputs zero, both the pull-downs are off and output is driven 
high upto Ratio W/L of each pull-down to that of common 

pull-up is generally kept 4:1. Therefore, if only one input 
is active (rest all are fixed at zero) then the logic threshold 
voltage and voltages of logic levels will.be similar to that 
in standard inverter. However, when two or more inputs are 
high simultaneously then output voltage corresponding to logic 
O, V(0) will be less than that in the standard inverter. 

2.3.8 NMD Gate 

This gate can also be constructed as simple extension of 
the basic inverter circuit. The analysis of the behaviour of 
these circuit is a direct extension of the analysis of the basic 
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inverter. Circuit diagram of NAI'^D gate is shown in Fig. 2,7b. 

A 2- input HAND gate can be obtained by addition of an enhance- 
ment transistor in series with the driver of the inverter. For 
more inputs, more transistors can be added in the same manner. 
If either of input is *0’ then the corresponding transistor 
will be off and output will remain at logic 1. When all the 
inputs to the NAl'® gate are logical 1, then output node will be 
pulled down to low voltage by the stack of drivers. As inputs 
are added, effective channel length of the pull down will be 
of the channel lengths of transistors in series. This may 
increase the logical threshold voltage greater than that 
of standard inverter. To circumvent this problem general 
approach is to increase the W/L ratio of the transistors 
connected in series by a factor, equal to number of transistors 
connected in series, 

2.4 CIRCUIT SIMULATION 
2,4.1 ji..C,^ ^alys_is [2] 

In this section we will present an algorithm for deter- 
mination of actual transfer characteristic of the inverter. 

This is explained for graphical determination to illustrate 
the algorithm. This can be easily extended for computer simu- 
lation of any MOS circuits. 
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From the figure 2.8, - V^gCdep)) is equal to V^gCenh) 

and it is also equal to At steady state is no current is 

drawn from the output, the currents of two devices will be 
equal. Since gate of the pull up transistor is tied to its 
source only one of its characteristic corresponding to 
is relevant for its representation. By superimposing plots of 
versus Vj^g(enh) and the one plot of I^gCdep) versus 
Cypp-Vj^g(enh)] since current in both the device is same 
therefore cross section of the characteristic represents the 
^out VQg(enh). For the period input is- less than the 

threshold voltage of the enhancement driver, it remains off 
and output remains at It can be seen that for larger 

values of the transfer characteristic is more steeper, 
and Pj^ should be greater than unity for digital circuit to 
function properly. 


2.4.2 Tr ansient Analysis 

D.C, characteristic alone is not sufficient to predict the 
rise time, fall time of node voltage. The approximate rela- 
tions for the same derived in the section 2,3,3 are useful 
from qualitative point of view. Inclusion of higher effects in 
calculations requires more powerful technique. Hence it is 
necessary to have a transient analysis program. In this section, 
transient analysis algorithm, its implementation, block structure 
and general description of the program is given. Three circuits 
of Inverter, NOR and NAND have been analysed and their results 
are discussed at the end of this chapter. 
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2.4,3 ImjDlementa'y.on [14,15,16] 

A computer program is developed for transient analysis of 
MOS transistor circuits. This program uses device model 
developed in Section 2.2. Newton-Raphson algorithm, for 
solution of system of nonlinear equations, is used. For 
transient analysis fixed time step Backward Euler technique is 
used. Program is written in FORTfl^’ and it uses one Il/SL 
library routine, 

2.4,5 Simul ation Alg orit hm [l4,16] 

We shall now briefly describe the simulation algorithm 
step by step. 

51 : Variables used are initialized and flags are set. Call 

TIMEFi to start counting the job time, 

52 : Input datas are read from the port specified in 31 and 

then stored in arrays and variables, 

53 ; Input datas are rescanned and stored in the output file 

in appropriate format. Various parameters of models are 
also evaluated and stored for further use. 

54 : If current time is more than simulation maximum time 

limit then simulation is stopped and timer is called to 
estimate total run time of the job, else continue. 

55 : Input sources are processed according to their specifi- 

cation of initial delay, initial value, final value 
and pulse width with respect to current simulation time. 
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56 : If it is a D.C, analysis to determine initial conditions 

then skip to SS. 

57 ; If it is a first iteration at any time step, then, 

lumped capacitors are processed and value of current 
source in the discrete uovv'ton-Raphson model of capacitor 
is updated, else continue, 

58 : MOS transistors are processed according to their type 

and mode of operation at a particular biasing condition. 
Admittance matrix and equivalent current source vector 
is updated. 

59 : Admittance matrix and equivalent current vector are 

modified; rows and columns pertaining to nodes which 
are also the nodes of input sources are deleted and 
matrix is ordered for solution. 

510 : System of linearized equations are solved and node 

voltage array is updated, 

511 : Node voltage vector is reordered and voltages are 

correctly assigned to corresponding nodes. 

512 : If convergence has not reached or number of iterations 

at any time step is less than 10, then go to step 36, 
else continue, 

313 : If current time is greater than TSTART then, plot output 
node voltage, else continue. 
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S14 : TIK'lE is advanced by iSTEP and iteration control flags 
are reset. 

315 : If current time is greater than T3TOP then call TIM£Pi. 

to estimate total job time and then stop the simulation, 
else continue. 

S16 : If number of points already plotted exceeds maximum limit 
of 80 points then call TIMER to estimate total job time 
and then stop the simulation, else go to 35, 

2,4,5 Main_ Program ari^d Sulyroutines 

Main program is divided into many sections and it proceeds 
along the lines of simulation algorithm discussed in the pre- 
vious section. Block diagram of the program is given in Fig, 
2*9, Subroutines are used when necessary but otherwise sections 
are preferred in the main program. Flags are used in the 
program to control the flow of program. Variables TIME is 
current simulation time. 

We shall now briefly describe the functions of different 
subroutines used in the program. 

TITLE : It calculates the threshold voltage and other para- 

meters of the MOSFET model and prints them in the output file. 

It also writes the title of the circuit as heading of each 
section in the output. 



FLOW CHART FOR TRAliSIElJT ANALYSIS 01 MUS Cl -JITS 


START ^ 


PIG. 2.9 


I READ INPUTS jIHITIA -1 
SLIZE FLAGS & 7 ASIA - S 
BLES.CALL TIT^ 1 
CALL TIMER | 

■"‘I 

i.,.. . < 

rPROCESS INPUT ' VOLP -1 
UGE sources. UPDATE I 
I VOLTAGE VECTOR j 


{process 'CA l>AClfORS mCS ’IS 
sA TIME STEP, MODIFY Y * B . 

Imatrices. 

" - T 

.. v O.Mute /■Vl.imiLir ' 


rz:: 


MAS 


fcALCULATE THE COWClfBOTI-l 
OHS TO Y*B MATRICES * DO i 

; hecessary modifications . j 

C M 





rCAKS&lATS'fSi CORTfilBUfr-n 
IONS TO Y*B MATRICES * DO j 

'necessary modificatioms. 


r CA|§ 

i CA^ 
! CALL 


NO 


r-. ...n::" ... 

‘RESET DC ANALYSIS I 
iFLAGSxSET III. CON.? 

i. 


■< TRAN. 


I GALL GRAPH 


r-..-- -t r- ^..Z" 

i CALL TIMER ' 

V- . _ . .i. 

rstop' \ 



ff 


i TEP, RESET Flij 


YES_^j|^gj 



J-'- A,- . , 

I CALL TIMER 

r- ■' ■ - 

^STQP‘“^ 





38 


IBE^NTY:^ This subroutine identifies that a node is an 
external input node or an internal input node. It is necessary 
to avoid writing node equations at the node whose voltage is 
already known. 

MATMCD This subroutine modifies the node admittance matrix 
and equivalent current vector. 

LEC^T2F : This is a IjMSL subroutine to solve the system of 
linear equations. 

REOfffi i_ This is used to reorder the node voltage vector and 
assign voltages to corresponding nodes. 

Gf^ It is used for plotting the graph between output vol- 
tage and time, 

SECOND This macro is used as TBiER to calculate the total 
runtime for the program. 

2,5 RESULTS AND DISCUSSIONS 

The above program is used to analyse three basic configu- 
ration of MOSFETs which are very common in MOS circuits. The 
configurations are Inverters NOR and NAI-'ID gates. Input data 
are supplied in the format and order as described in Appendix 
Value of T^^ and Ngyg is adjusted to yield threshold voltage 
around 0.2 for enhancement and around -0,8 for deple- 
tion type device. Transient analysis output is plotted on 
graph against time. Loading condition is simulated by 
ing a load capacitor at the output node. 
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2,5,1 Inverter 

A MOS E/D inverter as shown in Fig. 2.3.3 is analysed 
for transient behaviour, is chosen to be 4:1. Output 
is shown in Fig, 2,10. 
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2.5.2 NOJR Ga-^ 

A two input NOR gate is realized in MOS circuit as shown 
in Fig. 2,7. a. W/L ratio of both the driver transistor is 
same and is equal to that of a driver in any standard inverter. 
Vi/hen any one of the input goes high the output is driven to low 
value and when both of them are lov«r then the output goes to 
If both the inputs are high simultaneously then output 
goes further low than it would have gone if only one of the 
two inputs is on. This effect can be clearly observed in the 
output waveform shown in Fig, 2,11, 
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2.5.3 N^D Gate 

A two input NAND gate structure as shown in Fig. 2.7.b 
is analysed, W/L ratio of the two driver transistor is 
doubled (increased by a factor equal to number of transistors 
in series). Vsfhen any of the input is low that transistor is 
off in the series combination, the output voltage remains high. 
When all the inputs are high then only output is driven low. 

If W/L ratio is not adjusted then the may be higher 

than the threshold voltage of the driver device. Simulated 
output waveform is shown in Fig, 2.12, 


"^rise “ nano-seconds 
= 11 nano-seconds 


Logic Level 1=5 volts 


Logic Level 0 = 0,63 volts 


Average delay = 22 nano-seconds 
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CHAPTER 3 

MOS IC DESIGN METHODOLOGY 

Logic circuits can be categorized in terms of combinational/ 
sequential logic, static/dynamic logic. All these use similar 
circuit elements. For illustration, examples of EXOR, EXNOR, 
Flip-flop circuits have been worked out in great detail using 
nonstructured (Random)/structured approach of design. These 
circuits are then used as primitive building blocks in the 
realization of higher level functional blocks such as Full 
Adder, counter, etc. 

Combinational logic forms the basis of all sequential 
logic design. An appropriate feedback with delay can change 
combinational circuit, to a sequential circuit. A dynamic 
shift register cell has been designed for illustration of design 
of dynamic logic. At the end some results of computer simuTation 
of IC modules for electrical behaviour is given. Choice of 
proper parameters for accurate simulation is very necessary. 
Therefore, all parasitic capacitance/resistances have been 
estimated from the actual layout given at the end. Layout is 
prepared according to process and design rules as described by 
Mead and Conway [^ ]. 

3.1 LOGIC DESIGN WITH MOS [2,9,17] 

A combinational logic circuit can be designed using any of 
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the following design methods : 

(1) Random Logic : It is conventional form of arranging the 
transistors randomly to form the circuit, so as to obtain the 
desired input-output functional relationship. 

(2) Structured Logic (PLA) ; Programmable logic array is an 
efficient structured logic arrangement to design any arbitrary 
function. Overall structure of PLA remains same, the effect 
of arbitrary nature of function on design is limited to 
selectively placing the transistors in the array. 

3,1,1 Sti ck Di agram [2] 

Circuit diagram does not convey any idea about the layout 
of the circuit. Knowledge of layout is necessary to know the 
actual orientation and arrangement of transistors for compact 
realization and to find the solution of resulting complexity of 
inter-connect. For this, actual detailed layout will be very 
inconvenient and time consuming to make changes in the detailed 
layout. Stick diagram is the way to represent the layout by 
coloured sticks and special symbols. It is very convenient 
representation for use in CAD programs. Further, actual 
detailed layout can be obtained by expands the regions and 
lines to their dimension. 

The colour codes used in the stick diagram are given 


below : 



46 


Red = Polysilicon ; Blue = :.Ietal 

Green = Diffusion j Black= Contact-cuts 

Ye 1 1 ow= i o n- iftptrtr }. tnf 

crossing of green and red regions indicate presence of an 
enhancement transistor whose gate is controlled by signal on the 
red. If the crossing of red and green is overlapped with 
yellow region, it indicate a depletion type transistor. Follow- 
ing crossings of lines are allowed without any interference of 
the signals, 

(1) Red and Blue lines 

(2) Green and Blue lines. 

Contact-cut just above the transistor is not allowed, However, 
a transistor can be formed below a metal line. 

3.2 RANDOM LOGIC 

In MOS technology, the basic building blocks are inverter, 

NOR and NAInID gates. Apart from these gates, this technique 

offers the possibility of compact realization of functions 

using complex gates, A complex gate can be obtained by merging 
of 

the structures^ any two or more basic building blocks. Fig, 3,l,a 
shows the configuration of MOS transistors in inverter, NOR 
and NAND gates. 

Logic level in terms of voltage of the node, depends 

upon W/L ratio of the transistors connected to that node. W/L 

tKt 

ratio is also a factor in^expression of channel conductance. 
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In case of NOR circuit, when any one of the input goes high 
and other remains at zero, then the output node voltage 
representing zero logic output would be same as that of an 
standard inverter. But when both inputs go high simultaneously 
then output node voltage will further go down towards ground. 
This is shown in Fig. 3,lfb> 

In case of NAIO, input transistors are stacked. Therefore, 
when all the input transistors are ON, the total resistanpe 
between output node and ground is sum of ON resistances of 
the transistors. As a result the output node voltage will be 
N times that of standard inverter, where N is number of transi- 
stors in the stack. In order to/_output node voltage equal 
to that of standard inverter, V;/L ratio of each transistor in 
stack, is increased by a factor of N. This is shown in 
Fig. 

Apart from Inverter, NOR and NAICi gate structures, flip- 
flop and Exclusive-OR are also used extensively in MOS LSI as a 
building block. Generally, flip-flops are made by cross- 
coupled inverters, Exclusive-OR is constructed by a combina- 
tion of complex gates and three basic gates. Therefore, with 
the idea of covering all by one exaraple, design of EX-OR has 
been given in detail, 

3.2.1 EXC LUS IVE OR 

Exclusive-OR operation on two variable A and B is defined 
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as A B = AB + BA where (T; is the notation to represent 
EX— OR operation. Logic realization of EX-OR function is not 
unique and so is the circuit design. In support of this 
statement, three different MOS circuits realizing the same 
function (EX-OR) is given in Fig. 3,2. Each of the circuit 
has a different approach and different number of device count. 
However, keeping in mind the optimal design, we can directly 
obtain circuit diagram. Layout for each of the three circuits 
been obtained and on comparison it has been found that 
the circuit given in Fig, 3.2(c) offers minimum area of silicon 
chip. Therefore, design of only this circuit will be presented 
here. 


Assuming = 5 Volts, 

VjE = 0.2 VpQ (Threshold voltage of enhancement 

type device), 

Vj^ = -0.8 VpQ(Threshold voltage of depletion 

type device) 

NM® =0.5 Volts 


^out(o) 


= 0,5 V. 


TE 


Output voltage depends upon W/L ratios and threshold voltages 
of driver and load transistors. The relationship is given as 
follows : 






R - p. 


I^Oriver 


(-V^D^ 




substituting the values in the above equation we get 
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P^ = 4:l 

Choice of absolute values of iV/L ratio of transistor (in 
standard inverter configuration) depends upon specification of 
speed and power dissipation. 


^'^/koad 

‘''/^Driver 

Speed 

Power 

1:1 

4: 1 

Highest 

Maximum 

1:2 

2:1 

High 

Moderate 

1:4 

1:1 

Low 

Minimum 


For this design we will take ratio 1:2 and 

^’^/^Driver 2:1. For stacked transistor this ratio is kept 


4:1, 

3 . z 

Stick diagram representation of the circuit^is shown in 
Fig. 3,3, 


Device count = 7 (including 2 depletion type transistors) 

Height and length of the cell can be estimated directly from 
stick diagram. 

Estimated height = 38 X 

Estimated length = 37 X 


Layout is prepared following the process and drain rules 
as given by Mead and Conway [2 ], Layout is shown in Fig, 3,4. 
Vi/e shall now calculate the parasitic capacitance at various 
nodes and estimate the rise and fall times at these nodes. 
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Fan-out of the NOR gate is one, i.e. it has to drive the 
gate of only one transistor and it*s interconnection. 

Area of polysilicon track = 18^ x 2^\ = 36 

Area of the gate = 8)>?^ 

Total capacitance = 36x4x4x10“^ + 8x4x4x10""^ 

= 0.01856 PF 

Similarly load at the output node consist of capacitance of 
polysilicon track. 

Area of polysilicon track = 14 X x 2 A = 28 

—5 

Total capacitance Cg = 28x4x4x10 

= 4.48x10“^ PF 

Using the following approximate relationship for rising and 
falling times 

^Rising = 60 (f)Load ^ Sode 

^Falling “ ^W^Driver ^ Sode 


"^A Rising 
"^A Falling 
Rising 
Falling 


= 2.227 ns 
= 0,2505 ns 
= 0.5376 ns 


= 0.C^04 ns 
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3.3 STRUCTURED LOGIC (PLA) [2,9,18] 

So far we have discussed in detail about the Inverter, NOR 
and HAND with their different configurations. And also we 
designed layouts for such premitive cells. Progressing in the 
same direction we then designed some circuits to perform the 
logic functions of relatively higher complexity (For example 
Exclusive-OR) in random logic. While designing the circuits of 
increasingly higher functional complexity, we experienced it 
that as the number of output functions increases it becomes 
more and more difficult to optimize the number of transistors 
and also the logic design is no longer systematic. During the 
design, if it is needed to add or modify some output function 
then, it is almost equivalent to redesigning of the full cir- 
cuit, Overall design time in random logic to considerably 
long for larger circuits. 

The programmable logic array (PLA), ensures correct 
design of combinational/sequential circuits and which is highly 
systematic in nature. Design with this logic can enormously 
cut-down the design time from months to days or hours, PLA 
can be considered as a special case of ROMs. Since it does not 
contain entries for all possible minterm, it is usually for 
more compact than ROM implementation of the same function. For 
this reason we will restrict our discussion to PLA only. 
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Any specific PLA structure contains a row of selectively 
placed transistors (whose gates are controlled by inputs) only 
for each of those product terms that are actually required to 
implement a given logic function. The array which contains 
these row to produce product terms is termed as AND plane. 

PLA structure also contains a column of selectively placed 
transistors (whose gates are controlled by 'product lines') 
only for each of the output function. The array which contains 
these columns to produce sum of product form of output function 
is termed as OR plane. 

In general number of vertical lines in the PLA 

= Number of inputs x 2 + Number of output functions 

Number of Horizontal lines 

= Total number of product terms required to synthesi 
the output functions. 

The input register bit is formed by a pair of invert ing/non~ ' 
inverting super buffers. Input/output buffers are required to 
drive long ( capacitive)lines. Though each plane basically 
performs a NOR operation but functionally we observe that AND 
plane produces the product terms and OR plane OR' s them toge- 
ther to form the output function. 

The overall shape and size of a PLA is a function of the 


following parameters 
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(a) Number of inputs 

(b) Number of product terms 

(c) Number of output functions 

(d) The process dependent factor 

If number of inputs/outputs can be reduced then some 
saving in length of PLA can be achieved, Hov/ever, generally 
it is not possible to reduce the number of inputs/outputs. 
Minimization of number of (product) terms in a function is not 
as important as minimization of the total number of different 
multi-output prime implecants. The cost of minimizing the 
function should be evaluated and justified against the gain 
in performance and saving in silicon area. 

Sequential circuits can also be implemented on PLA by 
providing an appropriate feedback from the output to the 
input through some suitable delay unit. Direct feedback may 
lead to race-around condition. 

3.3.1 Full Adder 

To illustrate the concepts of structured logic design, a 
full adder cell has been designed using PLA. Logical fun- 
ctional specification of a full adder circuit is given below. 
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Expression for sum and carry can be derived as 

SUM = Uab + ?ab + cab + cab 

CARRY = CAB + CAB + CA3 + CAB 

after simplification using Karnaugh map yields 

SUM = AC + BC + AB + ABC 
CARRY = AB + BC + CA 

where A and B are bits to be added and C is the carry from 
previous stage. *SUJ.v’ and ’CARRY’ are sum and carry output 
respectively. 
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A stick diagram representation of the circuit is riven in 
rig. 3,5. Pull up transistors (i.e., load transistors) in 
both AND and OR plane are depletion mode transistors. There 
are seven horizontal metal lines in the AM5 plane, each 
corresponding to one product term. Transistors in AI-.D plane 
or OR plane have same .1/L ratio as that of driver transistor 
in standard inverter. Ouput/input buffers are inverting 
super buffers. To avoid the complexity only inverting buffer 
has been considered but i_^ actual practice there will be a 
pair of inverting and noninverting buffers. Actual layout is 
shown in Fig. 3,6. For this implementation, logic minimizatic 
is not considered. Layout rules are followed as described byi 
Mead and Conway, Parameters are extracted from the actual to|: 
logy and used in SPICE simulation of full adder cell. The 
sim.ulated behaviour of the circuit has been found to be 
excellent, simulated output is shown in Fig. 3.7, 

3.4 DYN/UilC LOGIC [lO,19] 

The representative example of this class is dynamic 

register. Operation of dynamic circuit depends upon charge J 

storage at the nodes for data retention. If the clock run, 

he : 

too slow or steps then stored data will/_lost. Despite this, I 

it offers economy in spaceJ?r power dissipation. Also dynamic | 

logics are fast. There are a large variety of, ratioless/ 

ratioed circuit in dynamic logic using 1 clock, 2 clock: 

4 clocks etc, (multiphase clocks). 
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Selection of clock phasing and circuit type depends on 

many factors for specific system application. As the number 
clocks 

of^incre ases , complexity of the circuit^ry also increases. 

3 . 4,1 Two Phase Ratioless Dynamic Shift Register 

To illustrate the concepts of dynamic logic design, com- 
plete design of two phase ratioless dynamic shift register 
cell has been presented. Fig. 3,8 shows the circuit diagram. 


Operation : [l] 0 ^ is high t The input signal state will be 
sam-pled through and it is stored in the input node capa- 

citance of T2 i.e. ' Tj^ is connected for saturated mode of 
operation (i.e,, gate tied with drain) and therefore maximum 
voltage at the output node, i.e. source of T^ will rise upto 
(V0 ) and this v/ill be stored in C2. 

[ll] 0 j^ is low ; Depending upon the logic stored at the input 
gate of T2 (i.e., in capacitance C^), C2 will be discharged 
conditionally. During this period T^^ and Tpj^ will also remain 
off. 


[ill] 02 is high : This will start conducting and charge- 
sharing will take place between C2 and and effectively the 
same state is transferred to the from C2. Otuput voltage 
across will also go high upto ^ * 

(IV) 02 is Low ; Depending upon the state stored at the 
input node of T^, will be conditionally discharged. 




FIG. 3.8,& UWO PHASE HATIOI.ESS DIHAMIO SHIFf HEGISSEH CEH* 



L. i L i 

PIG. 3.8.b STICK DIAGRAM OF TiJiJ SHIFT REGISTER CEIi 
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Power consumption is = CV^f- 

where C is clock loading 
V is clock voltage 
f is clock frequency 

Complete layout is shown in Fig, 3,9. This is a modular 
or regular cell approach. We have designed one bit of the shift 
register which can be repeated in both the direction, i.e. along 
and acorss the flow of signal. Clock lines v/ill be across the 
direction of flow of signal and their number depends upon the 
number of bit delay in the shift register. One pair of clock 
lines per bit is needed. Only two clock (metal) rails will be 
running along the direction of flow of signal. uses hurried 

contact to connect its gate with drain. 

Design of pass transistor is critical, requirements are 
(1) It should not load clock lines heavily, (2) on resistances 
should be low. Since pass transistor has to conditionally 
charge/discharge the input gate node as quickly as possible. To 
meet this requirement we would like to increase the vJ/L ratio of 
the pass transistor. But, then, large geometry transistor will 
load the clock. During charge sharing, the logic state should 
not be destroyed. For proper charge-sharing to take place, 
ratio of capacitance C 2 to should be around 8—10, 
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Maximum clock frequency is generally limited by the 
charging time of the drain of T2. Minimum clock frequency is 
limited by the junction leakage current. Excessive leakage 
current will deteriorate the stored logic levels therefore 
frequency is to be raised to ensure satisfactory operation. 
Simulated behaviour of shift register cell is shown in 
Fig, 3,10. 

3 . 5 SEQUENT lAL LCG 1C 

All the circuits discussed in the preceding sections of 
this chapter are based upon cpmbinational logic; the outputs 
at a given instant of time depend only upon the values of the 
inputs at the same moment. Such a circuit is said to have no 
memory. Many digital systems require a clock, where each 
clock pulse advances the digital processing by one step. Output 
states are obtained in synchronism with the clock. 

The output states are not only function of present inputs 
but also depends upon the previous history. Such a logic is 
called sequential logic which has a memory to remember its 
previous history. 

3.5,1 FLIP-FLOPS 

In MOS logic, basic memory element can be obtained by 
cross— coupled inverters. Logic diagram of an S-R clocked flip- 
flop is shown in Fig. 3, 11, a. An S— R flip-flop has one input 
combination for which output states are undefined, Tnis 
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ambiguity has been removed in J-K flip-rflop shown in rig. 
3,ll,b. A master slave J— K flip-»flop can be used to avoid 
race around condition. In T— type flip-flop, output state 
toggle with each clock pulse. A J— K flip-rflop can be conver- 
ted into a T-type flip-flop if J = K = 1. In a D-type flip- 
flop, input states will appear at the output only after a 
delay, determined by clock period. If a J-K flip-flop is 
modified such that K = J then it becomes a D-type flip-flop, 
i/'/e have used D-type flip-rflops to provide feedback in a PLA 
based counter design, described in the next section. For a 
D-type flip-flop used in the feedback loop in the counter, 
essential requirements are as follows : when a flip-flop 
responds to the triggering transition of the clocking waveforms 
the flip-flop must then find itself in a situation in which 
it can no longer respond to a further change in input data. 

It is hence the case that the data present at the input during 
clock = 0 will be transferred to the output during high going 
clock edge, at the same time disable the input latch and keep 
it disabled during the period clock is high. During this 
period any change in input will not affect output, \i/hen clock 
returns to low ('0') input will be enabled, at the same time 
output states will be preserved in an isolated output latch. 

Keeping these requirement in mind we have designed a D- 
type flip-flop cell by random approach. Circuit schematic is 
shown in Fig. 3.11,c. V/e have used pass transistor switches to 
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enable/oisable the input/output latches. Total number of 
MOSFETs in the D-flip— flop cell is 21, including six depletion 
type loads and three pass transistors, iViiniraum pulsevvidth is 
determined by the time required to transfer the states from 
input latch to output latch. Output of the flip-flop cannot 
be taken directly from output latch therefore an inverter is 
provided to drive the output. 

3,5,2 Counter Design Using PLA 

The counting function implemented using PLA can be obtained 
for a variety of fixed or variable modules by using the PLA 
structure to implement the coincidence detector for states of 
feedback FF, The PLA counter uses AND plane to sense the 
present state and to generate the product terms of next state 
function, OR plane is used to generate next state function for 
input to feedback flip-flops. Input to AND plane of PLA, may 
include external control inputs in addition to those outputs 
provided by the flip-flops, Viith proper coding of the PLA, 
counter does the counting (UP/DOVIN sequence depends upon the 
coding of the PLA) in normal binary sequence. The counter may 
now be interrupted at particular state by coincidence detector. 
In the next state counter can be forced to any desired count 
state. 

Control functions necessary for sequencing the counter arei 
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(1) "the normal binary increman'ting function, f 

(2) the external control— data input function, F which forces 
the flip-flop, to the desired state immediately follov^ing 
the final state. 

The required input function to each flip-flop is, 

I = TF + Tf 

where T = minterra of the final state contained within the 
transition diagram. 

The transition sequence diagram for a variable modulo counter 
in which count advances between the control-data input and 1111 
is shown in Fig. 3, 12, a. 

From the transition diagram and knowledge of the logic function 
of the D-type (delay) flip-flop, the Karnugh map can be speci- 
fied for each separate bit as shown in Fig. 3.l2,b, Specifi- 
cally, one Karnaugh map is used for each flip-flop in the feed- 
back array. . These 4 bits are specified as .7XY2 with Z bit being 
the least significant bit. 

Now, the function f, can be derived fox each bit, 

+ m + wz + wxYZ 

X^+l = XY + XZ + XYZ 

_ YZ + YZ 

_ 2 

and minterm of the final state, T, contained v^ithin the 
transition diagram is. 
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= WXYZ = 1111 

external control— data input function F as 
= ABCD 

flip-flop can be expressed as 
= TF + Tf 

+ TWY + TWZ + TWXYZ + TA 
+ TXZ + TXYZ + TB 

+ TYZ + TC 

= TZ + TD 

The expressions above represent next-state functions and will 
be used for coding the PLA* For instance, the input to the iV 
flip-flop consists of five separate sum terms, specifically, 

TWX + IVN + TWZ + TWXYZ + TA. Goading of PLA is done in the 
usual manner. Initial states of the flip-flop, after bringing 
the power on, is determined by control-data input. Stick dia- 
gram schematic of the counter based on PLA is shown in Fig, 3. 13. 
D type flip-flops are of m.aster-slave type as discussed in 
Section 3.5.1. Count-out, T, is directly feedback to AND-plane 

7 . 

as it can’t cause race— around. If ABSD input is 0111 ( 10 j , 
counter is modulo ^10 counter and count advances between (3ill 


T 

We define the 
F 

input to each 
I 

= TWX 
^n+1 ^ Yxy 

yJ+I ^ yyz 


and 1111. 
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3,6 CIRCUIT DESIGN WITH KOS [ 9 ] 

We have already discussed the design of I.iOS logic circuits 
In this section we will study the general form of MOS circuits 
to realize complex functions. Examples of such form of IIOS 
circuit are adders, counters and memory structure, etc. 

3,6,1 Add er 

An adder is a logic circuit which performs binary addi- 
tion of two binary numbers. If the maximum number of bits in 
the input number is N then the adder is said to be N-bit adder. 
A half adder only performs half of the addition process, that 
is, it generates the sum and carry (to be used by next cell) 
but does not accept any carry. A full-adder, however accepts 
carry also. Obviously a half adder can be used for LSB 
addition only while full-adder is necessary for higher signi- 
ficant bits. 

There are two methods of arranging full-adders for addi- 
tion of multibit numbers, 

Serial M o de ; In this method only one bit full adder is 
used repeatedly with different pairs of corresponding bits in 
two numbers to be added. The carry so generated in the 
process of addition will be stored in the latch and then fed- 
back to full adder for subsequent addition (with pair of bits 
of next position). Sum is stored in a register. Block dia-^ 
gram of full adder arranged in serial mode operation is shown 
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in Fig, .14. For N-bit adder the length of input/output 
... also 

register v;ill be N+1, CARRY LATCH can,/ be a D— flip— flop which 

introduces one bit delay. Output can be obtained serially 

from the output register. After addition input numbers will be 

lost, and only sum will be available. To avoid this, Input 

register can be made recirculating. However, then, some 

control circuitary is needed to indicate the moment y/hen 

valid output is available and to enable output register to be 

read for further operations. Advantage of serial mode of 

addition is that a considerable saving in area as only one 

bit full adder is needed. But addition process is slow. 

P arallel Mo de In this method, there are N full adders 
placed in parallel with carry input connected to carry output 
of the previous bit full adder cell. It also called ripple- 
carry adder. Sum can be obtained in parallel/serial fashion 
from the output register. Block diagram is shown in Fig. 3, 15, 

Maximum delay in the parallel adder can be equal to N 
times the delay of one full adder cell plus delay of last MSB 
adder. It is necessary to allow some time for addition greater 
than this maximum delay. Thus it requires fixed time for addi- 
tion rega:^less of actual carry propagation characteristic. Other 
method for fast addition process are carry-look ahead. In this, 
there is an additional circuit^ry to examine the data simulta- 
neously and generates carry (if any) for the different position 
bit adders. This circuit is faster than ripple-earry adder 
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since the whole addition process takes place in two cycles 
only* In the first cycle carry generator generates the proper 
carry for the adders, and in next cycle all the adders adds 
the two bits of corresponding position in the input and process 
the carry input also. Output is stored in the output register. 
Again, this is also a fixed time addition process regardless 
of numbers to be added. One serious drawback of this arrange- 
ment is that as the number of bits in the adder increases 
complexity of additional circuitary increases rapidly and it 
consumes a considerable area of^ the chip. 

Binary subtraction can also be done using an adder. 
Normally subtraction is done by adding the 2*s complement of 
the subtrahend, to the number (from which it is to be subtra- 
cted). 

3.6.2 Counte r s 

In the category of asynchronous counters one arrangement 
is shown in Fig. 3,16. This counter uses T-flip-flop as basic 
functional block. Since toggle input to each flip flop is 1, 
output state toggles on each rising edge of clock input. Toggle 
output becomes clock input to the next flip-flop. 

But this form of counter (realized by T flip-flop) have a 
long cascade delay. Also during the ripple of output of one 
stage which also the input to the next stage, false states 
could be introduced. And it need some decader at output to 
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define the valid states. Typical speed of 4 bit binary counter 
based on this scheme is around 200 ns. 

A synchronous counter is shown in Fig. 3,17. 

It requires a two phase clock which is common to all toggle 
cells. Input and output of each is fed to the toggle input of 
the next toggle cell through a AND gate, AND gate is realized 
by pass transistors in and precharge arrangement. If at any 
stage output of a cell becomes zero then input to next cell 
would float and it can assume any value. Therefore, to avoid 
this, shunt transistor are included in circuit. 

This counter derives T input serially through AND gates 
hence its speed is limited mainly due to AND gates. Typically 
for a 4 bit counter, speed is around 80 ns. 

Another form of circuit for counter is shown in Fig. 3,18, 

It is called parallel-carry synchronous binary counter. 
Since Carry is generated in parallel it is fast in operation. 
Typical maximum delay in 4 bit counter is 60 ns. However, it 
is not suited for larger bit counters because number of input 
to AND gate increases very rapidly, 

3.6.3 MEMORY 

Memory is most vital part of any digital computing system. 
Tviemories can be broadly classified as Random Access Memory (RAM) 
and Read Only Memory (ROM), Again both class can be subdivided 
into static or dynamic memory. 
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ROM ; Basic ROM structure is shovm in Fig. 3.19. Address 
decoder is actually an AND plane, having N output and loc[2 ^ 
bit input address. To generate a 0 at the particular bit of 
output word, a transistor will be placed with it gate contro- 
lled by row enable/select line, and drain aconnected to the 
output column (bit). Similarly to generate a logic 1 in the 
cell, transistor is omitted. A dynamic ROM employs precharging 
for enhancement and therefore it is faster than previously 

,, iv 

described static ROM which uses active e#" operation instead, 

R/^_ This is an array of memory cells in which digital word 
can be stored and read from an address with proper control 
signals. It is frequently termed as scrach pad when other 
control peripherals are added. Density of the EMA depends 
upon the number of transistor used in one cell of RA?-!. Typicall’v 
a RAM cell contain six transistors. It is basically a flip- 
flop circuit whose Q and Q prints can be accessed through the 
two pair of pass transistors which are controlled by the column 
and row select lines of the cell. Circuit schematic is shown 
in Fig. 3.20. To reduce the power dissipation in the cell 
the depletion type load can be replaced by ion— implanted poly- 
silicon resistances of high value. 
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CHAPTER ,4 


SIMULATION OF MOS ICs 


Circui't simulation is a very important step in design of 
Integrated systems. By circuit simulation one can predict the 
performance of the circuit before actual fabrication, it also 
helps designer to readjust the parameters to meet the specified 
performance. Degree of accuracy in prediction of performance 
depends upon the accurate modelling of the device and correct 
choice of parameters for the simulation. Out of many simula- 
tors available we have used SPICE extensively in our work. 

SPICE is a general-purpose circuit simulation program for d.c., 
ac and transient analysis. SPICE allows circuits containing 
resistors, capacitors, inductors, mutual inductors, independent/ 
dependent four types of sources and some commonly used semi- 
conductor devices. Here we will discuss only that part of 
SPICE which is relevant to MGS ICs. 

SPICE uses built-in models for HOSFET and user have to 
specify only parameters of the model of the device. Some of 
the MOSFET models used in the SPICE have been discussed to help 
the user in choosing correct set of parameter and to understand 
the limitations of SPICE. An interactive computer program has 
j[30Q)^ developed for accurate evaluation of SPICE MCSFET parameters 
User has only to furnish few information, on the basis of that. 



85 


rest of the parameters will be calculated by the program. This 
improves the accuracy of simulation considerably and gives 
greater flexibility to the SPICE user. 

4.1 CIRCUIT SIMULATION USING SPiCE [20] 

SPICE offers following types of analysis of the circuits, 

d.c. analysis portion of SPICE determines 
the d.c, operating point of the circuit with capacitors open 
inductors shorted, A d.c. analysis is automatically performed 
prior to a transient analysis to determine the transient 
initial conditions. It can also be used to generate d.c, trans- 
fer curves, in this case, a specified independent voltage or 
current source is stepped over a user-specified range and the 
d.c, output variable are stored for each sequential source 
value. The d.c, analysis options are specified in .DC con- 
trol statement discussed later. 

A ‘A* Small S ignal Analys is The a.c. small-signal portion of 
the SPICE computes the a.c. output variable as a function of 
frequency. The program first computes the d.c, operating point 
and then determines the linearized model of the nonlinear 
device in the circuit. The resultant circuit is then analyzed 
over a specified range of frequencies. The a.c, small-signal 
analysis options are specified in .AC control statement. 
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The transient analysis portion of SPICE ' 
computes the transient output variables as a function of time 
over a user specified time interval. The initial conditions 
are automatically determined by a d.c. analysis. The tran- 
sient analysis time intervals are specified on the .TRAM con- 
trol statement, 

AnaJLy^^is^, ,at^pif/,^renjt_ TeniiDera_t^^^ All input data for 

SPICE is assumed to have been measured at 27 deg. C 
(300 deg. K), The simulation also assumes a nominal tempera- 
ture of 27 deg. C. The circuit can be simulated at other 
temperatures by using a TEMP control statement. Temperature 
appears explicitly in the value of junction potential 0, and 
surface mobility for MOSFET model. Threshold voltage and 

reverse s’aturation currents of the 'junction dre strong fun- 
ction of tomperaturc. Utilizing this facility of SPICE, one 
can examine the circuit performance at any temperature. This 
f3cility will enable us to determine the circuit reliability 
at elevated temperature. Temperatures less than —223.0 deg, C 
gx'e ignored. General form of the Temp control statement is 

. TEMiP T^ T2 T3 ... 

where T^^- ,T 2 t are the temperatures at which simulation is 

requested. 
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4.1,1 Input Descri ption 

TITLEj COM'/lENT and .END statements. 

(l) A This statement is the first line in the data. 

It is printed as heading for each section of output, 

EX 

ONE BIT FULL ADDER CIRCUIT ON PLA 
<Rest of the Input data> 

(ii) COMf^NT This statement can be xnserted only where 
in the input data except between continued lines. Comment 
line starts with an asterisk in the first column. 

* Following four statements are for simulating clocks, 

(iii) ^P. ,v This control statement is always the last 
statement in the input data. Period is an integral part of 
•END statement. 

CIRCUIT ELEMENT STATEMENTS 

Capacitors and Resistors t Capacitors and Resistors in the 
circuit are described as follows. 


CXXXXXXX 

N1 

N2 

VALUE 


RXXXXXXX 

N1 

N2 

VALUE 

<Te> 

CLOAD 

10 

12 

lOPF 

optional 

Exam RLOAD 

10 

12 

2K 



it states that a resistor (capacitor) named RLQAD (CLOAD) is 
connected between nodes 10 and 12 and its value is 2K (lOPF). 
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M2sms.j. General form of M05FET description statement is 
MXXXXXXX ND NG NS NB J^INAME <L=VAL><V/=VAL> + <AD=VAL> 
<AS=VAL><PD=VAL><PS=VAL><NRO=VAL><NR =VAL> ND,NG,NS and NB 
represents node numbers corresponding to drain, gate, source 
and substrate. L and W are length and width of the channel 
respectively. AD, AS are areas of drain and source regions 
respectively, PD, PS are the periphery of the drain and 
source diffusion regions, NRD, NRS are number of squares in 
drain and source regions respectively, A set of model para- 
meters are specified in. MODEL statement, MNAl.iE is the name 
of that MODEL statement, 

. MODEj^ .Model statement specifies a set of 
model parameters that will be used by one or more devices. 

General form is 

.MODEL I'vlNAJ4E TYPE (PNAIvIEl = VAL, PNMiE2 = VAL ) is 

the model name and TYPE is one of the two, either NMOS or PMOS, 
Parameter values are defined by appending the parameter name, 
followed by an equal sign and the parameter value. Model 
parameters that are not given a value are assigned the default 
values given below for each model type. 

MpSFET M odels : SPICE provides three iv^SFET device models 
which differ in the formulation of the I-V characteristic. The 
variable LEVEL specifies the model to bo used. 
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LEVEL = 1 
LEVEL = 2 
LEVEL = 3 


Shichman-Hodges (square-law I-V characteristic) 
M0S2 (An analytical model) 

MOSS (A semiempirical model) 


The D.C. characteristics of the HOSFET are defined by 
the device parameters VTO, KP, LM.BDA, PHI and G.^VliA. These 
parameters are computed by SPICE if process parameters 
(NSUB, TOX, NSS, — ) are given. Charge storage is modelled 
by three constant capacitors, CGSO, CGDO and CGBO which 
represent overlap capacitances, by the nonlinear thin-oxido 
capacitance which is distributed among the gate, source, 
drain and bulk regions, and by the nonlinear depletion-layer 
capacitances for both substrate junctions divided into bottom 
and periphery, which vary as the MJ and liJSW power of junction 
voltage respectively, and are determined by the parameters 
CBD, CBS, CJ, CJSW, MJ, iVUSW and PB, There are two built-in 
models of the charge storage effects associated with the 
thin-oxide. The default is the oiecewise linear voltage- 
dependent capacitance model proposed by Meyer as discussed in 
Section 4.2. The second choice is the charge-controlled 
capacitance model of V/ard and Dutton. The XOC model parameter 
is used as a flag and a coefficient at the same time. If XOC 
is larger than 0.5 or not defined then Meyer's model will be 
used else charge- controlled model will be used. In Shichman- 
Hodges model these voltage dependent capacitances are included 
only if TOX is specified and they are represented using 
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J.E. Meyer’s formulation. ad,as,pi), ps is required to 
determine capacitances and reverse saturation current. NRD, 
MRS when multiplied by R3H (sheet resistance) give drain 
and source resistances, but it can directly be given in the 
model parameters RD and RS. 



Name 

Parameter 

Units 

Default 

Exam£lj_,_ 

1. 

LEVEL 

Model index 


1 

- 

2, 

VTO 

Zero-bias threshold 
voltage 

V 

0.0 

l.O(Enh) 

3. 

KP 

Trans conductance 
parameter 

A/V^ 

2.0E-5 

3.1E-5 

4. 

GAMivIA 

Bulk threshold parameter 

CM 

> 

0.0 

0.37 

5. 

PHI 

Surface potential 

V 

0.6 

0.65 

6 . 

LAMBDA 

Channel length modulation 
(for level=l and 
level=2 only) 

1/V 

0.0 

0.02 

7. 

RD 

Drain ohmic resistance 

Ohm 

0.0 

1.0 

8. 

RS 

Source ohmic resistance 

Ohm 

0.0 

1.0 

9. 

CBD 

Zero-bias B-D junction 
capacitance 

F 

0.0 

20 fF 

10. 

CBS 

Zero-bias B-S junction 
capacitance 

F 

0.0 

20 fF 

11, 

IS 

Bulk-j unction saturation 
current 

A 

l.OE-14 

1.0 E-15 

12. 

PB 

Bulk-j unction potential 

V 

0.8 

0,87 

13. 

CGSO 

Gate-source overlap capa- 
citance per meter channel 
width 

F/m 

0.0 

4E-11 

14. 

CGDO 

Gate-drain overlap capa- 
citance per meter channel 
width 

F/m 

0.0 

4E-11 
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15. CGBO 

Gate-bulk overlap capacitance 
per meter channel length 

F/m 

0.0 

2.0E-10 

16. RSH 

Drain and source diffusion 
sheet resistance 

Ohm/ 

sq. 

0.0 

10.0 

17. CJ 

Zero-bias bulk junction 
bottom capacitance per sq, 
meter of junction area 

F/m^ 

0.0 

2.0E-4 

18. MJ 

Bulk junction bottom capa- 
citance per sq, meter of 
junction area 

F/m^ 

0.0 

2.0E-4 

19. CJSW 

Zero-bias bulk junction side- 
wall capacitance per meter 
of junction perimeter 

F/m 

0.0 

l.OE-9 

20. MJSW 

Bulk junction sidewall grad- 
ing coefficient 

0.33 



21. JS 

Bulk junction saturation 
current per sq, meter of 
junction area 

A/m^ 


l.OE-8 

22, TOX 

Oxide thickness 

metre 

lE-7 

iE-7 

23. NSUB 

Substrate doping 

Cm“^ 

0.0 

4E15 

24. NSS 

Surface state density 

Cm“^ 

0.0 

lElO 

25. NES 

Fast surface state density 

Cm""^ 

0.0 

lElO 

26. TPG 

Type of gate material; (for 
polysilicon +1/-1 depending upon its 

doping type) 


+1 opposite to substrate 

-1 same as substrate 





. 0 aluminium gate 




27. XJ 

Metallurgical junction depth 

metre 

0.0 

lE-6 

28. LD 

Lateral diffusion 

metre 

0,0 

0.8E-6 

29. UO 

Surface mobility 

Cm^/V-S 

1 600 

600-900 
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30. UCRIT 

Critical field for mobility V/cm 
degradation (M032 only) 

1E4 

1E4 

31. UEXP 

Critical field exponent in 
mobility degradation 
(M0S2 only) 

0.0 

0.1 

32. UTRA 

Transverse field coeffi- 
cient (mobility) (deleted 
for M0S2) 

O.C 

0.3 

33. VNiAX 

Maximum drift velocity of 
carriers m/s 

0.0 

5E4 

34. NEFF 

Total channel charge (fixed and 
mobile) coefficient (M0S2 only) 

1.0 

5.0 

35. XOC 

Thin-oxide capacitance model 
flag and channel charge share 
attributed to drain(0-0.5) 

1.0 

0.4 

36. KF 

Flicker noise coefficient 

0,0 

lE-26 

37. AF 

Flicket noise exponent 

1.0 

1.2 

38. FC 

Coefficient for forward-bias 
depletion capacitance formula 

0.5 


39. DELTA 

1/Vidth effect on threshold 
voltage (M0S2 and MOSS only) 

0.0 

1.0 

40. THETA 

Mobility modulation (MOSS only) 

0.0 

0.1 

41.. ET A 

Static feedback (MOSS only) 

0.0 

1.0 

42. KAPPA 

Saturation field factor 
(MOSS only) 

0.2 

0.5 


A brief description of these parameter ^is given in oection 4.2. 
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General form 

. DC SPCNAM VST ART VSTOP VINCR (SRC2 START2 STOP2 INCR2) 

Example 

. DC VDS 0 10 0.5 VGS 0 :5 1 

This statement defines the d.c, transfer curve source and 
sweep limits. SPCNAJ« is the name of independent voltage source, 
VST ART , VSTOP, VINCR are start stop and incrementing value of 
that source respectively. For each value of optinally defined 
second source, the first source will be swept over its range. 

Output Sta temen ts ; 

Results of simulation can be plotted or printed in tabular 
form. General form of these statement is given below. 

. PLOT PLTYPE V(N1) V(N2, N3) ... 
where PLTYPE is type of analysis, 

DC, TRAN, AC, DISTO etc. 

V(N2, N3) is the voltage between node N2 and N3. 

All output variables indicated in one PLOT statement will be 
plotted on the same graph. TheS'e is no restriction on number 
of PLOT statements. For printing the results in tabular fom, 
PRINT statement is included in the input. General format is 
same as that of .PLOT except .PRINT instead of .PLOT. 
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• General form of this statement is 

. TRAIJ TSTEP TSTOP <T START > 

Example 

.TRAN INS 100 NS 

TSTEP is the printing or plotting increment for line— printer 
output of transient analysis. If TSTART is not defined its 
default value is 0. Results are plotted/printed for the 
time between TSTART to TSTOP. 

Pulse inpu t stat emen t ; General format 

VXX N+ N- PULSE (VI V2 TD TR TF PV/ PER) 

Example VIN 3 0 PULSE (0 5 2NS 2NS 2NS SOWS ICONS ) 

VI = Initial Value 
V2 = Final value 
TD = Initial delay 
TR,TF = Rise time and fall time 
PW = Pulse width 
PER = Period of the pulse. 

4.2 MOSFET iViODEL DESCRIPTION [20-23] 

SPICE IL uses FROHivlAT'J-GROVE model of MOSFET. This 
model requires typically 15 parameters to characterise the 
MOSFET behaviour. SPICE 2G uses three levels of MOSFET 
models. The first level MOSFET model describes a square- 
law I-V characteristic for MOSFET based on Shichman-Hodges 
model equations, second level MOSFET model is an analytical 
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model while third level model of (.■.OSFET Is a semlempirical 
model. Both MOS level 2 and level 3 Include second order 
effects, 

4,2,1 FROHIvlAN— GROVE MODEL : The D.C. characteristics of 
the MOSFET are determined by the parameters VTO, BETA, LAiiK)A, 
PHI and GAivuviA, VTO is zero bias threshold voltage of the 
device charge storage is modelled by three constant capa- 
citances CGS, CGD and CGB, These capacitances are present 
there due to oyerlapping of the gate material on drain, source 
and bulk regions; by the nonlinear tgate channel distributed 
capacitance which is actually series combination of COX and 
nonlinear depletion capacitance of the channel, this capaci- 
tance is averaged and splitted into three average constant 
capacitances between gate drain, tgate source and gate bulk 
using J.E, Meyer formulation [ 21 ] ; by nonlinear depletion 
capacitance for both substrate junction which vary as -1/2 
power of junction voltage and they are determined by para- 
meters CBD, CBS and PB, PB is bulk junction potential. An 
equivalent circuit as the MOSGET is shown in Fig. 4,1. This 
circuit is directly derived from the knowledge of MOSFET 
geometry and physics of operation, the distributed capaci- 
tances have been represented by lumped capacitances. Non- 
linear active gate-channel capacitance and depletion layer 
capacitances are shown by capacitor symbol enclosed in the 
rectangle. 
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For "ths purpose of computer-aided transient circuit 
analysis, it would be desirable that all of the above 
capacitances be constant. This approximation greatly simpli- 
fies the numerical analysis involved by eliminating the need 
to modify the companion model of capacitor at each time step. 
This can be done by averaging the capacitance value over the 
approximate expected voltage variation and this average value 
is substituted for each voltage dependent capacitance. 


If it is assumed that the drain-substrate and source- 
substrate junction is a step junction then CBS and CS) are of 
the form, 


CBS = Ag (-Vj3 + 

CBD = Aq {-Vgj + 20p)-i''2 

where 20p is approximately equal to bulk junction potential PB. 
This expression should be averaged over the voltage variation 
yileidng 




= 2A, [(-Vj,+20p)^/^ - (-Vj^+20 




where * = D for drain junction 

= S for source junction 
and € = €-3 
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Constant values thus obtained v^n i • ■ 

u-j-dxnea will be useo in computer 

program. Similarly active gate-channel capacitance of a 

MOSFET is the series combination of fixed gate oxide 

capacitance C^.. and the qnsf'o 

0-^'^ P “ harge capacitance (depletion 

^ space-charge channel. This capacitance 

IS distributed over the entire channel length. It must be 

split up into two lumped (nonlinear) capacitance CGD* and 

CGS^-. This can be done by first finding the total gate 
charge. 


L L 

= / Q(y)dy = / Cqxt VQ^(y)dy 


9 0 

where VQ^(y) is surface potential at a point at a distance y 
from the source end. Vie may then define two lumped capaci- 
tances as 


=GS = 5^3 


% 


The resulting relationship are 

CGS = I Coy[l - ] 


CGD = S C^v[l - 






(Vas-Vt+'^GD-Vt) 




These capacitances are voltage dependent, A straight-line 
approximation for these capacitance variation is presented in 
Fig. 4.2, 
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2/5COX 

1/2001 


?DS 
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Some constant average value from the straight-lino approxima- 
tion is to used for computer simulation. Actual value to be 
chosen depends heavily upon how the device is expected to 
perform i.e. how its operating point will vary in the circuit. 
General practice is to take these capacitances as 1/2 Cq^, 


The modified equivalent circuit of MOSFET, obtained by 
substituting all nonlinear voltage dependent capacitance by 
their average constant capacitance, is shown in Fig. 4.3. 
Two current sources are described by follov/ing equations. 


0 


fl(VQ, V 3 ) = K, 




^GS ^T 


^G3 ^T 


fsCVQ, Vq) = K 


0 


^GD ^ ^T 


^GD ™ ^T 


and 



RD and RS are the resistance between ohmic contact and active 
region. Two diodes represent the P-N junctions. 


A summary of FROHl-iAN-GROVE model of MOSFET used in 
SPICEIL is given below. 

1. VTO = Zero-bias threshold voltage 


5^ms Cqj, 



CGSO; 


CGI. 


HS 

O"' — 


CBS; 


CGS^ CGI^ 


f(VG,7D) 








RD D 


’ t ^ 

f(7G,ys) 


cmrz 


\ ' 
I 


CGB 


BUIK 
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E2 


Jgd'’ 
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- . 

■+„„p 


El 


rr^csD 

A^, i , 

R3 

R4. 
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r ' 


E 2 - 


CGD+iiGD I 
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CGS 


R1 
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+ ] 
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13 
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SOteB 
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■R4 

i 
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2, BETA TransconductanCG parainot 
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4. 


5. 


cer 


ti.C 


OX 


GAMJ^.'IA— Bulk thrashold pararnatexy 

= {2c:q /^OX where (r = ^ 

PHI = Surface potential 


o “s 


= 2^, = SS in(^) 


"i 


LAMBDA = channel length modulation factor 
= 0.0 to 0.02 

= Drain diffusion region resistance 
= Source diffusion region resistance 

8. CGS = Gate-source overlap capacitance 

9. CGD = Gate-drain overlap capacitance 


= Gate-bulk overlap capacitance 
2Ap[(qN, )/2j^/^ 


6, 

RD 

7. 

RS 

8. 

CGS 

9. 

CGD 

10. 

CGB 

11. 

CBD 

12. 

CBS 

13. 

PB 


(Vf-V.) 


[-(-Vf+20p)^/^ - C-Vi+20p)^/^] 


2Ac.[(qN. }/2]^/^ yy^ 

[(-Vp+20p)^/2 _ (_v.+20p)^/2] 


= Bulk junction potential 


KT , ^Ax 


^i 
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14. 


IS - Saturation current of the junctions, 


D 


= Aq n 1 + 

n A 


Df 

Ll 


‘D 


] 


where are the diffusion coefficient and diffusion 

length respectively.. 


4,2,2 Shichman-Hodges Model 

It is a four terminal model. The effect of substrate 
bias on gate threshold voltage, channel length modulation 
effect on conductance of device in saturation have also been 
considered. It is applicable to both enhancement as well as 
depletion typo devices. Equivalent circuits of MOSFET for 
N~channel and P-channel have boon shown in Fig, 4.4. The 
equations relating I^ to the various voltages and material 
parameters are given as 

“ ''to > Vg3 

= VtO + '^t(-VBS+ (20F)^'^^]IVgg > Vgp 

where zero-bias threshold voltage, V^q is given by 


V, 


TO 


= (0 _ l§k) + (20p - 

^ox ^ '^ox 


V 


7 

FB 


Due to band bending 
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Drain current, 


Id - %(Fi'*F 2^ (i + a 1Vq3 - VqdI ) 


where 


= 


(Vqs-Vt) 


n2 


^GS ^ 


^GS - 


Fo = 


0 




^GD ^ 


^GD 2: 


K, 


^ ^OX W 
L 


1/2 


K 2 = (2f q n)/Cd, 


<il. = Cr £ 

^ 0 '^s 


Resistors Rj^ and represent the series resistance between 
the ohmic contacts and the active region. and R^ are the 
spreading resistances from source and drain junctions into the 
substrate region. CGS and CGD are constant capactiances 
representing the gate-channel capacitance. Value of CGS and 
CGD are chosen as one half of the gate oxide capacitance which 
is a fair approximation at small as proposed by J.E. 

Meyer [ ]. Two diodes represent the two P-N junction between 

the drain and substrate and between source and substrate, 

CBD and CBS are two depletion capacitances associated with P-N 
junctions respectively. These capacitances are included in 
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the charge-control model of the P-N junction. Factor is 
taken to include channel length modulation in saturation 
region and K 2 is taken to include the body bias effect on 
threshold voltage. Kj_ is simply gain factor. These equations 
are valid for both N— channel and P-channel over a voltage 
range which do not cause punch-through breakdown. This model 
has tobeen used in level 1 of the SPICE2G. User have option 
to use J.E* Meyer model or to use charge-control model to 
represent the active gate-channel capacitance. Field inde- 
pendent constant mobility is used. Narrow channel effect on 
threshold voltage is also not included. However, higher levels 
of model have provision tp take these effects into account, 

4,3 COMPUTER-AIDED MOSFET MODEL PARAMETER EVALUATION [11,20,24] 

An interactive program has been developed to extract the 
MOSFET model parameter to be used in SPICE. Choice or correct 
and consistent set of model parameters for accurate simulation 
is very necessary. Generally the models used in the computer 
program are highly complex and the parameters of the model 
does not give a clear idea of their effect on device perfor- 
mance. Number of parameters to be specified is also generally 
large. To use such simulation program effectively, user has 
to study the device model first and then compute the related 
parameters using some engineering approximations. This is a 
very tedious job and it requires knowledge of physics of opera- 

To facilitate the user, a program to 


tion of the device. 
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extract the model parameter has been developed. The program 
interactively calculates the various parameters using least 
of information provided by the user about actual physical ' 
geometry and processing of the device. After extracting the 
parameters it displays the resulting device MCDEL description 
in a format acceptable to SPICE. If the generated model state- 
ment is not upto user’s expectation, he h^j6 option to recal- 
culate the model parameter with different inputs, otherwise 
he can save (store) this statement in a temporary file. As 
many model statements will be generated as many are required 
in the input SPICE program. After having all model-statements 
extracted, the program, on user's request, can substitute these 
statements in the main SPICE input' program, execute the SPICE 
and then typo the results on the terminal screen. The program 
has a modular structure and at present it can be used to extract 
parameters for FROHIviAN-GPiOVE model of MOSFET. But it can be 
modified for other models. The program is of self explanatory 
type hence a condensed description has been given. 
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CHAPTER 5 
CONCLUSION 


The task of design of a complex LSI/VLSI systems of any 
kind can be broken into manageable small subtasks of atll design, 
with a well defined communication of the cell with others, in 
the system. Chip design can thus be decomposed geometrically 
and functionally. Interaction between the designs of two 
different cflls should be as small as possible. Using the 
variety of cells, a library of standard cells similar to sub- 
routine library can be built. If the designer needs, say, a 
delay flip-flop cell, he can select it from a library rather 
than construct it himself. Extensive use of standard cells or 
subcircuits in design of LSI/VLSI systems emphasizes the 
importance and necessity to pay attention to design of these 
cells or subcircuits. Poor design and performance of the 
cell itself may result in still poorer design and performance 
of the system using these cells. 

In this thesis we have mainly concentrated on the complete 
design of such single cells or subcircuits from the specifi- 
cation of cell's function. An integrated approach to design of 
MOS circuits has been presented.' A detailed description/ps 
characteristic and concepts of MOS circuit design and analysis 
have been presented in Chapter 2. There we have included a 
computer program to perform the transient analysis of the MOS 
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Circuits. The program allows depletion type transistors to 
be defined explicitly, it also calculate the VTO, BETA, GAftuVA 
and other parameters of the model from process parameters. 

Exclusive OR circuit cell is designed in random logic 
and it's layout schematic is prepared. For layout design, 
rules given by Mead and Canwey, have been referred. Similarly, 
to consider the structured logic design approach we have 
designed full-adder cell as PLA and its layout schematic is 
also prepared. To consider sequential logic design, we have 
designed a 4-bit variable modulo synchronous counter. Counter 
can be reset to any control-data input states. Layout schematic 
of the counter, represented by stick diagram is prepared. A 
two-phase ratioless dynamic shift register cell is designed to 
consider the dynamic logic design. Layout schematic for 
dynamic shift register cell is also prepared. Parasitic capa- 
citance and resistance etc. are estimated from the detailed 
layout and device processing specifications, for each of the 
circuits. This step is a strong link between circuit design 
and process design to obtain required device characteristic. 
Using these estimated values of parasitics, circuits have been 
simulated using SPICE to verify their electrical functional 
specification. The simulated behaviour and output waveforms 
are quite encouraging and are close to our expectations. 

Smaller values of delays are obtained by careful placement of 
the transistor in the layout design. Since fabrication 
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facility is not available here therefore abWai data on 
circuit performance is not given. 

Concepts developed in this thesis can be directly 
extended to design of LSI systems. Design of larger circuits 
reguires computer~aids and a dedicated large memory computer 
system with color graphics facility. It should be supported 
by various state-of-art simulation programs and design and 
verification tools. Successful completion of LSI system 
design projects, requires a joint effort by members of the 
design team and availability of above stated CAD tools. 
Therefore, future work as an extension of this thesis, should 
bo planned keeping all these points into consideration. 
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appendix I 

SIMIC 

The input format is not a free format, however, fields 
on a line con be separated by comma or blank. All lines 
should start from first column. Program expects input data 
in several distinct groups. First line of each group provides 
the identification and size of that group. 

I. Circuit description group 

II. Output description and control group 

III. Device model group. 

[l] The first line in the input must be title of the 
circuit of length 50 characters, it will be printed as 
heading on each page of output file. The last line in the 
input file must be .END. Ground is always numbered ’0*. 

Voltage Sources ; Two types of voltage sources are avails- 
ble. (a) A pulse, (b) Constant D.C. 

3W NH- N- Initial value Find value Initial delay Final 

delay 

All fields are essential. 

Capacitors s Program accepts only constant and lumped 
capacitors. Floating capacitors are not allowed. General 
format is : 


SN 


N+ 


N. 


Capacitance Value 
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Unlike SPICEf the program allows user to define 
depletion type transistor. Threshold voltage can be adjus- 
ted by adding the equivalent implant charge to surface state 
density NSS. Some modifications in VT-model is necessary to 
include the PMOS. NDEV j NMAX are Number of active devices 
and maximum number of nodes respectively. General format is 

SN MOSMP ND NG NS NS L W 

MOSTYP is ’1' for Enh* and *2* for dep, type device, 

[II] Program plots the voltage waveform corresponding to 
any node in the circuit. The transient analysis’ step size 
information is also provided in the same line. For example 

Output node TSTART TSTOP TSTEP 

Choice of TSTEP is critical, it depends upon the minimum 
time constant of the circuit, typically TSTEP = 1 nanosec. 

[III] General format is - 

TEIvlP, NSSE, NSID, LAMBDA, TOX, NA, THETA, 

Whose TEMP is temperature at which simulation is required, 
NSSE, NSID are the surface state densities. LA^ABDA is the 
parameter to model channel length reduction. TOX NA are 
the thickness of the gate oxide and substrate concentration 
respectively. MUE is the mobility of carriers in the 
channel and THETA is the parameter to model the effects of 
mobility variations. 
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Program Limitation 

(1) At present program can handle at most 100 nodes. 

(2) Maximum number of pulse input to the circuit may be 10. 

(3) Only one output voltage waveform can be plotted at a 


time. 



